We determined whether distracting the observer's attention from an adapting stimulus could decrease the motion after-effect. Unlike previous studies we used a relatively bias-free 2AFC procedure to measure the strength of adaptation. The strength of motion adaptation was measured by the effects of a moving grating on the contrast discrimination (T vs. C) function for gratings moving in the same or opposite direction. As in previous reports, the effect of adaptation was to move the T vs. C function upwards and rightwards, consistent with an increase in the C50 (semi-saturation) response in the transduction function of the neural mechanism underlying the discrimination. On the other hand, manipulating the attentional load of a distracting task during adaptation had no consistent effect on contrast discrimination, including the absolute detection threshold. It is suggested that previous reported effects of attentional load on adaptation may have depended on response bias, rather than changes in sensitivity.
Introduction
Several reports (Chaudhuri, 1990; Rees, Frith, & Lavie, 1997; Rezec, Krekelberg, & Dobkins, 2004; Taya et al., 2009) have indicated that the strength of the motion after effect (MAE) can be modulated by attention to an irrelevant task during the adaptation period. In what we shall refer to as the distraction method, the observer adapts to a moving stimulus either while carrying out an undemanding (low load) task or when carrying out a high-load task. Typically, the distracting task is presented at fixation while the adapting stimulus is presented in the surrounding region. For example, the distracting task might be rapid serial visual presentation (RSVP) of shapes, in which the lowload task is to respond to a change in colour, while the high-load task is to respond to a conjunction of shape and colour (Schwartz et al., 2005) . The reported finding is that the strength of adaption, measured by the duration of the MAE, is reduced in the high-load task, the reason being that this distracts the observer from the adapting stimulus and thereby reduces its adapting effect.
It is important at the outset to distinguish the distraction effect from the attentional tracking effect. Experimental results (Alais & Blake, 1999; Lankheet & Verstraten, 1995; Raphael, Dillenburger, & Morgan, 2010) have convincingly shown that tracking one component of a transparent-motion display produces a motion aftereffect opposite to the direction of the attended component. This has been used to bolster the idea that distraction reduces adaptation (Rezec, Krekelberg, & Dobkins, 2004; Taya et al., 2009) but it is in fact a conceptually very different effect. Attentional tracking of one component in a motion-balanced display could work by applying a subtractive signal to an opponent mechanism (Morgan, Chubb, & Solomon, 2006) , but this would not apply to a stimulus with strong directional motion energy. In fact, using an adapting stimulus with balanced expansion and contraction, Raphael, Dillenburger, and Morgan (2010) reported an effect of attentional tracking, but no effect of distraction when using only one adapting component.
Not all experiments have shown the distraction effect. In the very first experiment on this topic, carried out by Wohlgemuth (1911) a distracting RSVP task in central vision had no effect on the duration of the spiral after effect. This experiment has been neglected in subsequent reports. The evidence for the distraction effect is in fact rather weak and inconsistent. The great majority of experiments using the distraction paradigm (see Section 4 for details) have used the duration measure of the after-effect, a measure known to be highly susceptible to experimenter/subject bias (Sinha, 1952 ). An attempted replication using the duration measure with genuinely naive subjects failed to find an effect (Morgan, submitted for publication). For this reason, it would be desirable to measure the effect with a relatively bias-free method such as 2AFC. This was the purpose of the experiment reported here.
The cause of the distraction effect, supposing it to be real for the moment, is also somewhat mysterious. One idea is that distraction reduces the effective contrast of the adaptor, in line with the finding that it reduces to BOLD response in MT (Rees, Frith, & Lavie, 1997) . However, most of the experiments so far have used a high contrast adaptor, and it has been shown that the duration of the MAE saturates rapidly with adapting contrast (Blake et al., 2006) . The exception is the study by Rezec, Krekelberg, and Dobkins (2004) , who measured the effect of attentional load over a wide range of adapting contrasts. They confirmed the saturation of the duration MAE at contrasts greater than $20%, but found that the effect of load (measured in units of seconds duration difference) was the same at all adapting contrasts. Rezec et al. make the interesting suggestion that load affects not equivalent contrast but the adaptability of the neurons underling the perception of motion. Specifically, they use the standard contrast function for a mechanism:
where R is the response to contrast C, R max is the maximum response of the mechanism, C50 is the contrast at which the mechanism reaches half its maximum response (the semi-saturation contrast), n is the steepness of the function, and m is a baseline response when C = 0. Rezec et al. suggest that adaptation moves the semi-saturation constant C50 to higher values, in line with measurements of MT neurons (Kohn & Movshon, 2003) , and with psychophysical studies of the contrast discrimination function (Foley & Legge, 1981; Greenlee & Heitger, 1988; Legge & Foley, 1980; Morgan, Chubb, & Solomon, 2006; Ross, Speed, & Morgan, 1993; Stromeyer & Klein, 1974) . They further suggest that distraction reduces the extent of this shift, or put this another way, that the rightwards shift of the C50 point due to adaptation is greater if the observer is fully attending to the stimulus. Using an opponent model of the MAE they show that this modulation of the C50 by attention predicts an effect on adaptation that is independent of the adapting contrast.
The contrast function described by Eq. (1) is similar to the 4-parameter function that has been used to describe the effects of adaptation on the contrast discrimination function (Foley & Legge, 1981; Legge & Foley, 1980; Morgan, Chubb, & Solomon, 2006; Ross, Speed, & Morgan, 1993; Stromeyer & Klein, 1974) . The effect of adaptation is to move the contrast discrimination function, also referred to as the T vs. C function, upwards and to the right, an effect well described by an increase in the C50 parameter. This means that we can measure the T vs. C function to test the Rezec et al. model directly. To do this, we compared the T vs. C function for the adapted and unadapted directions under conditions of high and low attentional load for the distractor task. The Methods were the same as those described in a companion paper (Morgan, Chubb & Solomon, in press ). We deliberately used a low-contrast adaptor (0.075) to avoid saturation of the adaptation effect.
Methods

Apparatus and stimuli
Stimuli were computed with MATLAB and displayed by a Cambridge Research System VSG 2/3 graphics card on a Sony monitor (resolution 640 pixels width by 479 pixels height; 100 Hz frame rate; pixel size 1.03 arcmin, mean luminance 37.5 cd/m 2 ). Viewing distance was 2 m. Contrast was controlled by a look-up table with 15 bits resolution. To ensure a linear relation between DAC voltage and luminance, the display was calibrated with the Cambridge Research Systems OPTICAL. The three DAC's were individually calibrated. The stimulus (both for adaptation and test) consisted of a 45°oriented, drifting 2.05 cyc/deg sinusoidal grating of temporal frequency 7.5 Hz windowed by a stationary spatial Gaussian envelope (s = 233°).
Psychophysics
To determine thresholds for contrast detection and discrimination, the procedure was 2AFC (temporal). On each trial there were two temporal intervals, each indicated by the fixation point turning red. In each interval a stimulus was presented for 32 frames (320 ms) with an exponential bell-shaped contrast envelope:
where C was the contrast in frame t; C max was the maximum contrast, t was the frame number (1-32) and r was the time constant (in frames), equal to 10. The first stimulus was followed by a meanluminance screen for 0.5 s and then by the second of the two stimuli. One of the two stimuli had the reference (pedestal) contrast C the other was of contrast C + DC. The threshold contrast was first determined with a pedestal of zero (the detection point) and this threshold (t) was then used to determine a logarithmically-spaced range of pedestal values {0 0.25t 0.5t t 2t 4t . . .} up to a maximum contrast of $0.75. The observer used a keyboard to indicate which interval was of higher contrast. The contrast increment, which the observer had to detect, (DC) was varied by the QUEST procedure (Watson & Pelli, 1983) using the version in the Psychtoolbox (Brainard, 1997) , modified to jitter the chosen contrast on each trial in the range ±1 dB, in order to obtain fuller sampling of the psychometric function. The pedestal contrast was fixed in each block of 50 trials. There was no feedback. The first trial in each block of 50 trials was preceded by 30 s of adaptation; later trials were preceded by 5 s of top-up adaptation. The adapting stimulus had Michelson contrast 0.075 unless otherwise stated. It was presented in a rectangularly-windowed temporal contrast envelope. Observers were instructed to keep their eyes fixed on the central fixation point during adaptation. To encourage fixation observers were given a task to perform during each adaptation period. The attentional task was based on a recent paper showing a greater BOLD response to a peripheral stimulus under low vs. high load (Schwartz et al., 2005 ). An area of 1.1 Â 0.73°w as cut-out of the centre of the adapting stimulus in its centre and replaced by a mean-luminance gray. Within this central area coloured 'T' like stimuli were presented at a rate of 2/s. The T could be upright or inverted and one of four colours, red, green blue and yellow. The low-load task was to press a button as quickly as possible in response to any red stimulus, independently of orientation. The high-load task was to respond to either of two conjunctions out of the eight possible combinations, for example, green-upright and blue-inverted. The actual target conjunctions were randomly resampled for each block of 50 trials, to prevent the task from becoming automatic.
Data analysis and modelling
Data under each combination of pedestal value, movement direction and attentional load were accumulated over sessions to obtain an overall psychometric function for that condition, which was fit by a Weibull function using the MATLAB 'fminsearch' fitting procedure to find the fit with maximum likelihood, defined as
where x i is the number of correct responses made at signal level i, and p i is the probability of a correct response at that level predicted by the model.
A bootstrap analysis (Efron, 1982) used the 2-parameters of the Weibull function found by the maximum likelihood method to compute 95% confidence intervals. The fitted values were used to resample the data using the exact number of trials and the Quest procedure used in the actual experiment. This was repeated 80 times and the exact range for 95% of the observations determined from the sampled distribution. It should be noted that this measure of confidence merely tells us how closely the parameters of the psychometric function are constrained by the data available. It does not tell us anything about secular variations in subject performance. A subject could produce very different results in two sessions, but when these two sessions are combined, this variability will change the slope of the psychometric function without necessarily changing the confidence limits.
The maximum likelihood fits to the individual T vs. C functions were obtained using Foley's (1994) version of Stromeyer and Klein's (1974) 4-parameter transducer function:
where R is the response of the detector, C is contrast, and b is a divisive inhibition factor corresponding to a semi-saturation constant. Note the similarity to Eq. (1). The parameters p and q determine the initial acceleration and later saturation of the transducer respectively. To see if two sets of data, for example, those under low load and high load, were significantly different they were first individually fit with this 4-parameter function. This gives an 8-parameter fit to the data as a whole. The data from the two conditions were then combined and fit with the 4-parameter model. A likelihood ratio test was then used to compare the fits of the two models, one with 8 parameters and the other with 4. Let Lc and Lu be the likelihoods of the best-fitting constrained and unconstrained models. We used the established theory (Hoel, Port, & Stone, 1971) , that under the null hypothesis that the constrained model captures the true state of the world, X ¼ À2 lnðLc=LuÞ is asymptotically distributed as chi-square with 4°of freedom (for the difference in the number of parameters).
Subjects
The subjects in Experiment 1 were the author (initials MJM; Age 68) and a male (initials MT; age < 30), psychophysically-experienced colleague who was aware of the purpose of the experiment. Additional observations were taken with the zero pedestal condition by a male graduate student (initials AT; age < 30), also aware of the purpose of the experiment. The subjects in Experiment 2 were a female colleague (Initials 'ABC'; age < 30), aware of the purpose of the experiment, and a female language student (initials 'DEF'; age < 30) who was not told the purpose of the experiment. The latter two subjects did not wish to be identified by their real initials.
Results and discussion
Results for contrast detection
Contrast detection refers to the condition where the pedestal has zero contrast; in other words one of the 2AFC intervals is empty. This is a simple detection task. Results for this condition were collected for five subjects in all, and they provide a strong test of the prediction that adaptation will be reduced under high load. The data for detection thresholds alone for all five subjects are summarized in Fig. 2 . They show no consistent or significant effect of load on detection threshold. They do, on the other hand, show the threshold elevation due to adaptation. An anomalous result is the high threshold in the unadapted/high load condition for subject 'DEF'. This result is unexplained, but goes in the opposite direction from the prediction of the load hypothesis. The 95% confidence interval for this threshold is high.
Results for contrast discrimination: Experiment 1
Contrast discrimination differs from the detection task just described in that there is a stimulus present in both intervals of the 2AFC. The lower contrast stimulus is the pedestal, the higher contains the pedestal plus the test. The subject has to report which stimulus is of higher contrast. Adaptation is expected to have complex effects on discrimination thresholds, elevating them at some pedestal contrasts and reducing them at others (see Section 1). However, the effect of adaptation on the detection point (zero pedestal) is expected to be a simple elevation. As is conventional, we include the results of detection along with discrimination, assigning a notional contrast of 10 À4 to the pedestal in this condition. Thresholds for detection are based on the same data as those in Fig. 1 . The complete discrimination functions under High and Low Attentional Load and under Adapted-Direction and Unadapted-Direction for the test are shown in Fig. 2 .
The data show the expected effect of moving the dipper function for the adapted direction upwards and rightwards relative to the unadapted direction of test. This difference was confirmed by a likelihood analysis combining the load conditions, and comparing a single fit to the combined same/different data with the summed likelihoods of the separate fits (X 2 = 129.8 (MM) and 103.8 (MT);
df(4); p < 0.001). However, there was no systematic effect of the perceptual load. The impression that there was no systematic effect is confirmed by the Likelihood analysis in Table 1 . None of the comparisons between combined and separate Low/High fits are significant, with the exception of MM in the different condition, where the increase in the b value in the High load condition was contrary to prediction. The Table also shows a highly significant effect of adaptation, which disappears if the b parameter is allowed different values in the same vs different adaptation conditions. To confirm that the high-load task was more difficult than the low-load, the error rates and reaction times were analyzed. For MM the error rate (missed targets) was 0 for the Low load task (detecting red crosses) and 35.96% for the high-load task (detecting two different conjunctions of colour and shape). The mean RT's were 0.99 s and 1.37 s respectively (t-test: p < 0.0001). For MST the data were somewhat different. His error rate was also zero for the low-load task but a surprisingly low 4.49% in the High-load task. This was despite the fact that the conjunctions of colour and shape were randomly chosen in each session and the subject had to infer the nature of the conjunctions from their rarity. MST seems to be unusually gifted at this task. Nevertheless, the difference in his RT's between the two tasks was highly significant (0.954 vs. 1.206 s, p < 0.0001). We tried two further conditions in an unsuccessful attempt to find an effect of attentional load. In the first, the low load condition was replaced by a 'no load' condition in which there were no red targets in the RSVP stream and the subject had no task to perform. Instead, he (MST) attended to the adapting grating. The pedestal value was zero (the detection task). Two Quest sessions under this condition (100 trials) were compared to the last two collected in the high load condition, zero pedestal. The thresholds were virtually identical in the two conditions (0.125) and the difference in likelihood between separate and combined fits was not significant (X 2 = 2 Ã (91.3747 À 42.9814 À 48.2918) = 0.203 NS). In the second unsuccessful modification we examined the effects of spatiallydirected attention. The single adapting stimulus was replaced by two smaller patches to either side of the fixation point, drifting in the same direction, and the subject (MM) attended to the one on the right. To ensure attention, the subject had to detect and respond to brief, small contrast increments in the right-hand stimulus. After each adapting period, an arrow appeared to indicate to the side on which the test would appear, but the subject maintained fixation. Half the tests were on the right and half on the left, in random order. We expected thresholds to be lower on the unattended side but this was not the case. The mean thresholds over sessions on left and right were .0257 and .0265 respectively. The hit-rate for 770 targets distributed over six Quest sessions (300 trials) was 48.9%. 
Results for contrast discrimination: Experiment 2
In a further attempt to find an effect of attentional load the experiment was repeated with two further subjects, one of whom ('DEF') knew nothing (as far as we know) about the purpose of the experiment. The other ('ABC') was a psychophysically experienced colleague. The high load task was made even more difficult than before by changing the stimuli from T's to L's and including all four mirror images (horizontal and vertical). Half the stimuli were white and half were gray. Four of the eight colour-shape combinations were targets and four were distractors. The eight stimuli were presented with equal frequency, making the target frequency higher than in Experiment 1. The low-load task was the same as before (respond to red). Because of limited availability of the subjects, fewer pedestal levels were used and for most pedestals only two QUEST sessions of 50 trials each were run. A further difference from Experiment 1 is that subject 'DEF' was tested with a zero-contrast adaptor rather than an oppositely moving adaptor to the test. This was because she did not show significant directionally-specific adaption, an unusual individual difference that is worth noting. 'DEF' did show a significant adaptation effect relative to a zero-contrast adaptor. Subject 'ABC' was tested with oppositely moving tests and adaptors, as in Experiment 1.
The error rates in the High-load condition confirmed that it was indeed a difficult task for the subjects, as they asserted. The overall rate of targets missed was 21% for subject ABC and 35% for DEF. The error rate in the low-load condition was virtually zero. There were also significantly more false positives in the low load condition. As in Experiment 1, Reaction times were significantly faster in the low load condition.
The contrast discrimination results shown in Fig. 3 are similar to those in the previous experiment. Adaptation had the usual effect of shifting the T vs. C function upwards and rightwards, but there was no obvious and systematic effect of load. A likelihood analysis confirmed the highly significant effect of adaptation (p < .001) but none of load.
General discussion
We failed to find a systematic and significant effect of distraction on the movement after-effect, and the mechanism for the effects previously reported in the literature remain a mystery. Our results support Wohlegemuth's conclusion that the mechanisms of motion adaptation are pre-attentional. It is worth pointing out that in other cases where negative results have been reported (Georgiades & Harris, 2002; Rees, Frith, & Lavie, 2001) , they have been ascribed to a difference in conditions, rather than entertaining the possibility that the positive results are Type I errors. There is also likely to be a positive reporting bias in the literature (Rosenthal, 1979) 1 . We have been informed of at least one case (N. Wade, personal communication) where a negative result with 20 subjects was unreported, and of another (P. Thompson, personal communication) where a positive result has been so far unreported. The author would like to carry out a meta-analysis of experiments on attentional modulation of adaptation, and would be grateful for any hitherto unpublished material. The great majority of experiments on the effects of attention on adaptation, including Wohlgemuth (1911) have used the duration measure of the after-effect, a measure known to be highly susceptible to experimenter/subject bias (Sinha, 1952) 2 . It is hard to know when a stimulus has stopped moving, particularly when it is stationary. The importance of individual criterion setting is attested to by Table 1 The table shows maximum likelihoods fits of the 4 parameter {a p b q} model to the data, and the ÀLog Likelihood values (ÀL) associated with each fit. Each rows shows the fit to a different set of data. Key: 'Same' refers to the condition where test and adaptor move in the same direction; 'Different' to the case where they are opposite. 'Lo' refers to the Low load case during adaptation, 'Hi' to the High load case. 'Both' means that either the two load conditions, or the two direction conditions, have been combined into a single fit. The final column shows the chi-square statistic associated with the comparison between the likelihood of the 'both' fits to the likelihoods of the separate fits. A single asterisk against a Chi-square value indicates a significant difference at the p < 0.05 level, and three asterisks indicate p < .001. No asterisk means that the value is not significant (p > 0.05). The last two lines for each subject show the results of constrained fits to the Same/Diff conditions where only one of the 4 parameters (a,p,b or q) was allowed to vary. instructions, social factors can be generated in the laboratory. The observers may not be aware of any such influence. It, however, acts on the individual imperceptibly.' Sinha's own experiment cleverly measured the mean and variance of the MAE in a group of observers, and then tested them a second time after casually misinforming them of the mean of the previous MAE durations. The second set shifted towards the arbitrary group standard and showed less variance than before. The study was conducted in the Cambridge University Psychological Laboratory and I thank Donald Laming for bringing it to my attention.
the report (Spitz, 1966) that no less than 19 subjects had to be discarded because they pressed the 'stop' button as soon as the adaptor finished moving. The unstable nature of the duration measure was also note by Granit (1928) and Grindely (1930) . The small, constant increase in MAE duration, independent of adapting contrast, reported by Rezec et al. could as easily be explained by a small unconscious response bias as by a change in sensitivity. The problem of bias is not necessarily overcome by using forced-choice to determine whether a test stimulus is seen as moving left or right. This is still a measure of bias, measured from a shift in the psychometric function. Taya et al., 2009 measured the bias in left-right perceived movement after adaptation with high and low load and found an effect. The real movement required to null the perceived movement was remarkably small: 0.5 pixels/ frame, corresponding to a velocity of 1.9 arcmin/s. This is very close, if not under, the reported movement velocity threshold of 2 arcmin for a 500 ms exposure (Boulton, 1987) . In other words, the stimuli must have appeared almost stationary. In these circumstances, a small bias towards reporting movement against the adapting stimulus, could have shifted the psychometric function by a small amount. The effect was similar in magnitude to that reported by Winaware, Huk, and Boroditsky (2010) for the effect of purely imaginary adapting motion.
The adaptation effect of attentional tracking (Alais & Blake, 1999; Lankheet & Verstraten, 1995) have been used to support the idea that distraction reduces adaptation (Rezec, Krekelberg, & High Load DEF Fig. 3 . Results of Experiment 2 for subjects ABC (top) and DEF (bottom). The top row compares low load and high load conditions. The bottom row compares adapted and unadapted conditions. Note the rightwards and upwards shift due to adaptation. Conventions as in Fig. 2 . Dobkins, 2004; Taya et al., 2009) . But these experiments did not use a distraction paradigm or manipulate attentional load. Instead, they showed that there is an aftereffect of attentional tracking one component in an ambiguous display, an effect that may be different from the conventional MAE, for example in not being retinotopic (Culham et al., 2000; Freeman & Sumnall, 2005; Freeman, Sumnall, & Snowden, 2003) . These tracking studies do not directly show that attention to a single-component stimulus increases its adapting effect. A possible synthesis is that some motion aftereffects combine a low-level adaptation with attentional tracking, and that the latter, but not the former, is susceptible to distraction. Overt rather than attentional tracking may also be a factor, since eye movements have not been measured in the attentional load studies. However, both Rezec, Krekelberg, and Dobkins (2004) and the present study used one-dimensional sinusoidal adapting stimuli, so it is unlikely to be the nature of the adapting stimulus that explain the difference between positive and negative results.
Likewise, it is important to distinguish the effects of distraction during adaptation from more general claims about the effects of attention on motion processing, for example, that motion thresholds can be lower for an unattended than an attended stimulus (e.g. Allen & Ledgeway, 2003; Huang & Dobkins, 2005) . The critical aspect of the distraction/adaptation task is that it separates the attentional manipulation from the detection task in time, and does not, therefore, suffer from the response competition and memory problems inherent in the dual-task paradigm. This is why the distraction/adaptation paradigm is especially interesting, and why it should be assessed in its own right, rather than bolstered by evidence that speaks to different issues.
